Surfaces eroded by ion sputtering are sometimes observed to develop morphologies which are either ripple (periodic) or rough (nonperiodic).
A remarkable feature of erosion processes via ion sputtering in amorphous materials is the formation of a pattern consisting of a ripple structure, aligned in directions either parallel to or perpendicular to that of the bombarding beam of ions [1, 2] . Indeed, we might expect that erosion tends to erase every possible feature of the surface morphology, and that the presence of noise in the system would further act against the formation of such a periodic pattern. Only recently have there been experimental [3] and theoretical [4] attempts to understand the formation of a ripple structure in the more general context of nonequilibrium interface growth phenomena [3] . Many such interfaces are "rough" and exhibit self-affine scaling at long distances and long times [1] ;experimentally, one finds that surfaces eroded by ion bombardment also exhibit self-affine scaling behavior [5] . An outstanding question is then how to reconcile these observations with the formation of the periodic ripple structure.
In this Letter, we introduce a discrete stochastic model that incorporates the main physical mechanisms believed to inhuence the dynamics of the eroded surface morphology. We show that this model is characterized by an initial stage in which the surface morphology displays a ripple structure, and that subsequent stages are characterized by a crossover to a rough surface in the universality class of the Kardar-Parisi-Zhang (KPZ) equation [6] . We argue that the stochastic equation which provides the continuum description of our model is a noisy version [7] of the Kuramoto-Sivashinsky (KS) equation [8, 9] . Thus we interpret the formation of a periodic pattern [3] and the development of rough interfaces [5] in the ion-sputtered systems as the early and late regimes, respectively, of the same dynamical process.
We first consider the main mechanisms [10] [3, 5] Fig. 1(a) . To erode, we count the number of occupied neighbors inside a square box of size 3 X 3 lattice spacings centered in the chosen site i (box rule). We empty the site with an erosion probability p, proportional to the number of occupied cells in the box [see Fig. 1(b) ]. Thus the box rule favors the erosion of troughs as compared to the peaks of crests, and therefore is the source of the instability in the ionsputtered system.
(ii) Surface diffusion (probability 1 -p). -A diffusive move of the particle i to a nearest neighbor column is attempted with hopping probability w; f -= [1 + exp(69K; f/k&T)] ', where A9f; f is the energy difference between the final and initial states of the move. (1) shows that there is a maximally unstable mode in the system, k = (~v~/ 2')', and therefore the surface is almost periodic [inset in Fig. 2(a) ].
Next we consider the model with Y(p) shown in Fig. 1(a) . The results are not expected to depend strongly on the specific form of Y(cp), so long as it preserves the existence of a maximum, and Y(0) 4 0, Y(90') = 0 [23] . Figure 3 shows the structure factor S(k) = (h(k, t)h( -k, t)) at the onset of the instability. Here h(k, t) is the Fourier transform of h, (t) -h(t). As we see, the early stages of the dynamics are still dominated by the periodic ripple structure defined by the competition between surface tension and surface diffusion, described by the linear part of (1).
For later times, the large slopes built up by the instability induce nonlinear effects, and the interface results in a rough morphology [inset of Fig. 2(b) ]. In Fig. 2(b) , we present the time evolution of W(t) for the complete model. We again observe a first regime [22] with Pi = 0.38~0.03, followed by unstable erosion (Pz ) 0.5). For later stages, we find P3 = 0.23 4-0.03, consistent with EW, after which a crossover to P4 = 0.28~0.03 is found. Finally, the width saturates due to the finite size of the system. Note that the value of the growth exponent for the KPZ equation is PKpz = 1/3 [6] . At saturation, S(k) displays the small momenta behavior 5(k, t) -k, consistent with the scaling of both the EW and KPZ universality classes (see Fig. 3 ). To determine if a KPZ nonlinearity is present in Eq. (1), we compute the mean velocity v (I) of the interface in the saturated regime as a function of an average tilt m = -(7'h) imposed by using helical boundary conditions.
If we assume that the relevant nonlinearity in (1) (2) To compare the dynamics of (2) [25] . The experimental development of a ripple structure [3] is well understood in terms of the unstable linear theory of ion sputtering describing the early stages of the time evolution of the model presented here. Moreover, the model predicts that in the late regime the large slopes generated by the unstable growth trigger the action of nonlinearities which stabilize the surface. The nonlinearity we find is of the KPZ type, consistent with the experimental observation of KPZ scaling reported by Eklund et al. [5] . To confirm the above picture, it would be of interest to study experimentally if both regimes do effectively take place in the time evolution of the same physical system. We acknowledge discussions with A. L. Barabasi, G. 
